T he Thoroughbred is the most valuable breed of horse in the world and has been prized as a racehorse for centuries. The enthusiasm of the British aristocracy for racing in the 17th century led to the development of the Thoroughbred 1 , and today all modern breed members trace their ancestry to one of three imported foundation stallions of Arab, Barb and Turk origin and 74 native British and imported mares 2 that were recorded in the General Stud Book in 1791 (ref. 3) . During the 300-year development of the breed, Thoroughbreds have been intensely selected for athletic phenotypes that enable superior racecourse performance in particular types of races 4 . In Britain and Ireland, the pattern of racing has supported the breeding of disparate types of racehorsesprecocious, fast, 2 year olds and sprinters, Classic middle-distance horses and horses with enhanced stamina.
Athletic phenotypes are influenced markedly by environment, management and training; however, it has long been accepted that there are underlying genetic factors that influence a horse's athletic performance capabilities 5 . Indeed, selection and breeding of racehorses is predicated on the belief that racing performance is inherited. Although the physiological adaptations to elite athleticism and exercise are well described for the Thoroughbred [6] [7] [8] [9] [10] [11] [12] [13] , few genes have been identified to explain these traits [14] [15] [16] . In humans more than 200 genes have been reported to be associated with fitness-related health and exercise traits 17 , and it is likely that racing performance in the Thoroughbred is also polygenic and is influenced by genes that contribute to the wide range of anatomical, metabolic and physiological adaptations that enable elite-racing performance. The athletic potential of a racehorse will therefore depend on a favourable environment as well as inheriting the optimal combination of DNA variants at loci that significantly affect exercise.
Recently, variation at the MSTN locus has been found to be highly predictive of genetic potential for race distance aptitude in Thoroughbred racehorses [18] [19] [20] [21] and contributes to morphological type in other horse breeds 22 . The MSTN locus is associated with muscle hypertrophy phenotypes in a range of mammalian species [23] [24] [25] [26] [27] and a single nucleotide polymorphism (SNP, g.66493737C/T) located in the first intron of the MSTN gene influences speed in the Thoroughbred 19 . Thoroughbred homozygous C/C horses are best suited to fast, shortdistance, sprint races (1,000-1,600 m); heterozygous C/T horses compete favourably in middle-distance races (1,400-2,400 m); and homozygous T/T horses have greater stamina ( > 2,000 m). Evaluation of retrospective racecourse performance, physical growth and stallion progeny performance has demonstrated that C/C and C/T horses are more likely to be physically precocious and enjoy greater racecourse success as 2-year-old racehorses than T/T horses 19, 28 . These findings have been subsequently validated in three independent genome-wide association (GWA) studies 18, 20, 21 in populations of Thoroughbreds originating in Ireland, Great Britain, New Zealand 20 , USA 18 and Japan 21 . The singular, genomic influence on optimum race distance at the MSTN locus in the Thoroughbred is supported by a high heritability for race distance (h 2 = 0.94) 29 . Further evidence for the role of chromosomes containing the C-allele in influencing speed comes from association tests with field-measured speed indices 30 and from previous analysis of g.66493737C/T genotypes in the Quarter Horse, for which a high frequency of C/C homozygotes (0.83) has been reported 19 . The Quarter Horse is a North-American breed that excels at sprinting over distances of a quarter of a mile (400 m) or less. Because of the specificity of its role in short-distance racing, this breed has undergone intense selection for speed since its foundation in the mid-1800s 31 .
In a functional context, mRNA transcripts derived from the MSTN locus have the largest observed alterations in expression in the skeletal muscle transcriptome of the Thoroughbred following the first year of training at the age of 2 years 32 , and mRNA expression variation is highly associated with genotype 33 . Although the g.66493737C variant disrupts a putative transcription factor binding site, it is uncertain whether it represents the functional variant. However, the 50-bp sequence surrounding the g.66493737C/T SNP is conserved between horse and human and there is minimal divergence in the 200-bp 5′-and 3′-flanking sequences (5 and 1.25%, respectively). The presence of a 227-bp SINE insertion polymorphism (Ins227bp) located in the promoter region sequence may also be considered a putative functional variant and linkage disequilibrium between the two polymorphisms is high (r 2 = 0.73) but not complete 20 . The g.66493737C/T and Ins227bp variants are polymorphic in the Thoroughbred population; however, in a re-sequencing study that included populations of European horse breeds, the g.66493737C/T SNP was not polymorphic (minor allele frequency (MAF) < 0.05) and the Ins227bp allele was not identified 22 .
Although g.66493737C/T variation has been well characterized in Thoroughbreds, the origins and history of this polymorphism are not known. Therefore, here we use a combination of population genetics-based molecular and pedigree approaches in modern and historic horse samples to trace the ancestry of this economically valuable allele in the Thoroughbred racehorse.
Results

Genetic ancestry and geographic distribution.
To determine the ancestral g.66493737C/T allele in equids we genotyped the SNP in n = 40 donkeys (Equus asinus) and two zebras (Equus grevyi and Equus quagga boehmi). As no donkey or zebra chromosome (2n = 84) had the g.66493737C variant, we ascertained that the T-allele was the ancestral wild type. This is consistent with wildplains-grazing equid populations traversing large distances within expansive ranges 34 . Next, to determine a possible source population for the C-allele we mapped the geographic distribution of genotypes in n = 394 non-Thoroughbred Eurasian horses from 17 populations selected for genotyping on the basis that they represented putative Thoroughbred founding populations (British Isles representing local British and Irish horses; Middle East and North Africa representing Arab, Barb and Turk influences) 35 , and populations located at the geographic centre of domestication for the horse (Asia) 36, 37 .
To evaluate the effect of recent selection for different competition pressures we compared these data with genotypes from four recently derived breeds with recorded Thoroughbred influences (that is, French Trotter: harness racing; Irish Draught Horse: show jumping and eventing; Quarter Horse: sprint racing; Standardbred: harness racing) and also with a geographically and genetically isolated population of horses (Icelandic). We found that the C-allele occurs at a frequency of 0.51 in the Thoroughbred, is present at frequencies between 0.00 and 0.50 in Eurasian horses (British Isles, Middle East and North Africa and Asia), is absent in Standardbreds and is most common in the Quarter Horse (0.90). The C-allele is therefore not restricted to the Thoroughbred and Thoroughbred-derived populations, is not a new mutation, and seems to occur at variable frequencies depending on the selection pressures on the population (Table 1) . In contrast to the high frequency of the C-allele in sprint racing Thoroughbreds and Quarter Horses, the C/C genotype was sampled in only 4% of Asia, 3% of Middle East and North Africa, and 20% of British Isles horses.
As the Thoroughbred has been a closed population since 1791 (ref.
3), the C-allele must have been introduced at the foundation stages of the breed (early to mid-17th century). During a foundation event, high-frequency alleles are more likely to be sampled than those at low frequency. In general, C-allele frequencies were low in Eurasian populations and have persisted predominantly in the heterozygous state (Table 1) . However, evaluation of allele frequencies among the putative source populations (British Isles, Middle East and North Africa) identified two populations with relatively high frequencies of C-alleles (Fulani, 0.33; Shetland 1, 0.50). The link between African horses (Fulani sampled in Cameroon) and Thoroughbreds is clear, as the Barb horse, originating in North Africa, is known to have contributed to the foundation of the Thoroughbred 38 . Also, recent analysis of equine mitochondrial DNA variation has demonstrated that a large proportion of Thoroughbred foundation mares were from native British stock 35 . The Shetland is closely related (at least geographically) to the Galloway breed, which was the preeminent British racing population before the formal foundation of the Thoroughbred breed 39, 40 . In Asia, the relatively high frequency of C-alleles (0.44) sampled in one of the Mongolian populations (Mongolia 1) is ambiguous, but may be explained by unintentional sampling of relatives. This is supported by resampling in two additional populations of horses from the same region (Mongolian Gobi and Mongolian 2), within which the C-allele was rare (0.10 and 0.03, respectively) and no homozygous C/C horses (n = 55) were sampled. There is little or no historic rationale to infer Mongolian horses as an immediate source population for the Thoroughbred.
Haplotype diversity and population source. To determine the extent of C-allele introgression at the foundation stages, we reconstructed haplotypes in n = 204 C-chromosomes and n = 160 Tchromosomes in C/C and T/T Thoroughbreds only, for 46 SNPs (BIEC2-417187-BIEC2-417520) extracted from the EquineSNP50
Genotyping BeadChip (Illumina, San Diego, CA, USA) and the g.66493737C/T variant. The 47 SNP-haplotypes (Fig. 1a) spanned the 1.9-Mb region at the MSTN gene locus that contained a set of eight SNPs with genome-wide significance of association with best race distance in a previous genome-wide association study 20 . The C-allele was observed on a single haplotypic background spanning 932 kb (that is, no variation was detected between BIEC2-417299 and BIEC-417453; ECA18: 66064660-66996871 bp; n = 17 SNPs that were present at MAF > 0.05 in Thoroughbreds; Supplementary Data 1, TB_C1) and only minimal variation was detected in a single proximal region (Block 1) upstream of the g.66493737C/T SNP (Fig. 1b) . In contrast, the T-allele arises on a complex genetic background, with multiple haplotype blocks across the region, and considerable variation ( Historical source. To identify the historical source of the C-allele we analysed g.66493737C/T variation in samples obtained from 12 museum (and private collection) specimens of historically important Thoroughbred stallions born between 1764 and 1930 ( Table 2 ). All of the historic samples were homozygous for the T-allele. Importantly, variation at other genomic loci has previously been observed in these samples, indicating that homozygosity at this SNP is unlikely to be an artefact related to the age of the samples 41 . Assuming independent sampling and that the relative frequencies of the T-and C-alleles have been constant over time, the probability of observing 12 T/T genotypes in n = 12 sampled Thoroughbreds is extremely low (7.35×10 − 9 ). However, independent sampling of alleles was not possible in the historic samples due to the high degree of relatedness among these horses (Fig. 2) . All living Thoroughbreds trace paternally to just three stallions imported into England in the late 17th and early 18th centuries: Byerley Turk (1680s), Darley Arabian (1704) and Godolphin Arabian (1729). Furthermore, a small number of stallions exerted disproportionate influence on early Classic races resulting in their greater popularity at stud 4 . Therefore, the Thoroughbred gene pool has been restricted by small foundation stock and subsequent limited paternal contributions as a result of sire preference and selection. The historic samples were related largely via the Darley Arabian sire line (Fig. 2) to which 95% of all living Thoroughbreds can be traced in their paternal lineage 2 . As neither the Byerley Turk nor the Godolphin Arabian sire lines were sampled in the historic data, we cannot preclude them as a source for the C-allele. However, as the Darley Arabian has had a disproportionate influence on living male lineages, and hence is overrepresented in this sample of prized stallions, it is more likely that the C-allele entered the Thoroughbred gene pool via a maternal lineage.
Thoroughbred pedigree records are regarded as the most comprehensive records detailing ancestral relationships among domestic animal breeds and have been formally catalogued since 1791 (ref. 3) . Therefore, using a pedigree-based approach we reconstructed pedigree relationships for n = 56 elite-performing C/C and n = 41 elite-performing T/T Thoroughbreds 19, 20 in an attempt to identify coalescence points for the C-and T-alleles. A single common ancestor was identified for both the C/C and T/T cohorts (Supplementary Fig. S1 ). Nearco (b. 1935) is considered among the best three racehorses and sires of the 20th century and dominated breeding in the mid-1900s 42 . Three of Nearco's sons were distinguished stallions (Nasrullah, Nearctic and Royal Charger) and Nasrullah has been described as a 'potent source of top class speed' 42 . The female line ancestry of Nasrullah and Royal Charger has also been prominent in commentary on the origins of speed in the Thoroughbred, as they are direct descendants of Mumtaz Mahal (second and third dam, respectively) who was nicknamed 'The Flying Filly' and has been regarded as the fastest 2-year-old racehorse ever 42 . Nearctic was the sire of Northern Dancer, one of the most important sires of the modern era. We determined that a significantly greater proportion of C/C horses traced to Nearctic than T/T horses (87.5 and 68.3%, respectively; Fisher's exact test; two-tailed: P = 0.025), but there was no significant difference in the occurrence of the other Nearco-sired stallions in the ancestry of C/C and T/T horses.
Discussion
Variation at the MSTN locus has been found to influence racing phenotypes in Thoroughbreds, and in particular influences early skeletal muscle development and the aptitude for racing at short distances. Changes in racing in the past century have shaped MSTN genotype distributions over time and in different racing regions. In the 17th and 18th centuries, races took the form of matches between two horses involving multiple heats, run over distances of two to four miles (3,200-6,400 m) and repeated until a horse had won the event twice or 'distanced' the opponent. Horses did not race until they were 5 or 6 years old, and then only two or three times in their lives. These particular demographics would have supported the prevalence of the T/T genotype among the prominent horses of the time. The foundation of the English Classic races in the late 1700s and early 1800s heralded a change in racing, leading to selection for horses capable of excelling over distances from 1,600 m (1,000 and 2,000 Guineas)-2,800 m (The St Leger) at the age of 3 years. Races for younger horses became increasingly common and as younger horses competed, races became shorter. By the late 1860s heat races had almost entirely disappeared and there have been no 4-mile Flat races for more than 100 years. An increased premium on speed and precocity developed as 2-year-old races became more popular. In 1802 < 6% of horses were racing at the age of 2 years, and by 1870, 31% of runners were 2 year-olds 43 . The preference for younger and shorter distance racing has persisted in two of the principal racing regions of the world; in the USA Group 1 (most prestigious, highest grade) races > 2,000 m are limited (9% USA, 23% Australia, 28% Britain) and in Australia 37% of Group 1 races are competed over distances 1,000-1,400 m compared with 20% in USA and just 12% in Britain. These selection pressures continue to favour C-allele proliferation, which is reflected in the distribution of genotypes (n = 123; C/C, 0.38; C/T, 0.51; T/T, 0.11) among a sample of elite Australian mares and stallions. Our population genetic survey is consistent with a single introduction of the C-allele in the Thoroughbred in the early foundation stages of the breed and the data indicate that the most likely source population for the C-allele in the Thoroughbred was a local British population. Furthermore, it is most likely that the C-allele entered via a female lineage, as the prized foundation stallions (17th and 18th centuries) were homozygous for the T-allele. However, the opportunity for proliferation of favourable alleles in the population will have been greatest among popular stallions that had large numbers of offspring. Analysis of coalescence indicates that the opportunity for an increase in C-allele frequency in the Thoroughbred likely arose relatively recently (20th century) via Nearctic and his son Northern Dancer. These data are consistent with historical observations and illustrate the power of population genetic analyses for determining the ancestry of economically valuable alleles subject to intense artificial selection in domestic animal populations.
The considerable changes in racing that took place between 1800 and 1914 (ref. 44 ) have ensured continued strong selection for speed and precocity in the Thoroughbred racehorse. Such trends have promoted the increase and retention of the MSTN C-allele that confers a tendency towards speed. The incorporation of genetic information in breeding and selection decisions is becoming increasingly adopted within the Thoroughbred industry and this information will continue to shape the diversity within the Thoroughbred population. Importantly, although knowledge of genetic variation at the MSTN locus is tantamount to determining the optimum race distance for an individual Thoroughbred, the combination of favourable alleles at other genomic loci will be vital to differentiate individuals that excel at the distances to which they are best suited.
Methods
DNA isolation from modern samples. Samples for genotyping were collected and stored in laboratory repositories since the mid-1990s. Non-Thoroughbred horse genotypes were determined for n = 526 horses from 22 populations. Seventeen non-Thoroughbred horse populations were selected for genotyping on the basis of putative contributions to the Thoroughbred (British Isles-Connemara, Highland, Shetland 1, Shetland 2; Middle East and North Africa-Akhal-Teke, Anatolian, Egyptian Arabian, Fulani, Turkoman) and their origin at the geographic centre of horse domestication (Asia-Altai, Mongolian 1, Mongolian 2, Mongolian Gobi, Transbaikalia, Tuva/Siberia, Tuva 1, Yakut). Four populations were selected for genotyping on the basis of recorded Thoroughbred influence (French Trotter, Irish Draught, Quarter Horse, Standardbred) and a geographically isolated population (Icelandic) was also included. A total of 330 elite Thoroughbred horses sampled in Great Britain and Ireland, New Zealand, USA and Australia were genotyped. Horses were considered elite if they had won at least one Group (Stakes) or Listed race. Elite Thoroughbreds were subdivided on best race distance, defined as the distance of the highest grade of race won. Instances where multiple races of the same grade were won, the distance of the most valuable (in terms of prize money) race was determined the best race distance.
Genomic DNA was extracted from either fresh whole blood or hair samples. DNA was isolated from hair samples according to Allen et al. 45 or a modified version of a standard phenol/chloroform method. DNA was isolated from fresh whole blood using a Nucleon HT Genomic DNA Extraction Kit (GE Healthcare Life Sciences, Buckinghamshire, UK) or the Maxwell 16 automated DNA purification system (Promega, Madison, WI, USA).
DNA isolation from historic samples. DNA from historic samples ( Table 2) was extracted and analysed following previously published protocols 46 at the Department of Biochemistry and the McDonald Institute for Archaeological Research, University of Cambridge. Briefly, for bone samples, the surface was removed and cortical bone was collected using a 300 Series Dremel drilling tool (Dremel UK; Uxbridge, UK) and/or a Certiprep SPEX Freezer/Mill (SPEX SamplePrep, Stanmore, UK). For tooth samples, a root was removed and dentine was collected from the crown using a Dremel drilling tool as described by Gilbert et al. 47 Bone or dentine powder (125-250 mg) was collected per sample. To prevent cross-contamination, after a specimen was powdered, all equipment was re-sterilized using bleach, ethanol and ultraviolet light before tissue was collected from another sample.
Samples were digested overnight, inverting continuously, at 37 °C in 1 ml of an extraction buffer containing 0.5% w/v n-lauryl sarcosine, 0.1 M EDTA (pH 8.0), 0.1 mg proteinase K (Sigma-Aldrich Company Ltd., Dorset, UK) and 0.142% w/v phenacylthiazolium bromide solution (Prime Organics, Woburn, MA, USA). Purification followed procedure as given by Kalmár et al. 48 For each sample, 250 µl aliquots were ethanol-precipitated for 30 mins at − 80 °C using 500 µl 96% ethanol, 250 µl 4.0 M ammonium acetate and 3.0 µg blue dextran. Afterwards, the precipitated DNA and blue dextran were pelleted at 3-4 °C at 13,000 r.p.m. for 30 mins, the aqueous phase was removed, and the pellets were resuspended in 20 µl double-distilled water, pH 8.0. The extracts were purified using a QIAquick PCR Purification Kit (Qiagen Ltd., Crawley, UK) according to the manufacturer's instructions, except that the final elution step was replaced by two elutions of 30 and 20 µl elution buffer.
All appropriate ancient DNA authentication criteria were followed 49 , including the use of multiple controls 50 and replication of results in an independent institution. Amplification products were assessed for DNA damage and enzyme error by bacterial cloning 51 .
Single SNP genotyping. All modern samples were genotyped for the g.66493737C/T SNP using Taqman chemistry on the StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The assay consisted of primer 1: 5′-CCAGGACTATTTGATAGCAGAGTCA-3′, primer 2: 3′-GACACAACAGTTTCAAAATATTGTTCTCCTT-5′ and two allelic-specific fluorescent dye labelled probes (VIC-AATGCACCAAGTAATTT; 6-FAM-AT-GCACCAAATAATTT).
Sequence variation at the g.66493737C/T locus was determined for the historic extracts following PCR amplification of a 144-bp fragment flanking and including the locus using the following primer sequences: 5′-CTACTCCAGGACTATTT GATAGCAGAG-3′ and 5′-TGCGATCCTGCTTTACCCAGT-3′. PCRs were conducted in 25 µl reactions containing 17-19 µl PLATINUM Taq High-Fidelity Supermix, 0.4-0.8 µM each primer, 8× bovine serum albumin, and 2-4 µl DNA extract. Genotyping was performed using the SNaPshot Multiplex Kit (Applied Biosystems) according to previously published protocols 41 using the primer 5′-CTACTCCAGGACTATTTGATAGCAGAG-3′ and 1 µl purified DNA. SNaPshot products were electrophoresed on an ABI PRISM 3730 automated genotyper. SNaPshot genotype results were confirmed by direct sequencing and by sequencing of multiple clones of amplification products. The reliability of this approach for genotyping in these samples has been demonstrated by the accurate determination of recorded coat colour phenotypes, many of which were heterozygous at the ASIP and MC1R loci 41 . To control for the misidentification of homozygotes caused by the occurrence of allelic dropout due to possible DNA degradation (for example, C to T transition lesions), we performed an independent allelic dropout test comparing coat colour according to genotype and recorded phenotype 41 . Observed rates of allelic dropout for the coat colour loci ASIP and MC1R were 21 and 26%, respectively. Given the observed dropout rates, the probability of detecting heterozygotes in one of the three independent genotyping experiments was greater than 98%. Therefore, we performed a minimum of three PCRs from a minimum of three extracts for each historic Thoroughbred. Sequences were aligned in Mega 4 (ref. 52) using the Clustal-W algorithm 53 and compared with the EquCab2.0 reference sequence. This procedure further demonstrates that the sequences determined from the historic Thoroughbred samples were not compromised by significant levels of degradation. The sequences generated from the MSTN locus were completely concordant with the reference sequence flanking the g.66493737C/T SNP.
Genotyping results for the historic extracts were replicated at Trinity College Dublin, using established protocols 54 , or at University College Dublin on the StepOnePlus Real-Time PCR System from aliquots of DNA extracts prepared at the University of Cambridge. Preparation of samples for genotyping was performed in a laboratory that had never been used for the preparation of equine samples.
Haplotype reconstruction using data from Equine SNP50 BeadChips. Genotypes for 182 (C/C n = 102, T/T n = 80) Thoroughbred horses were extracted from data generated for a sample of 397 DNA samples genotyped using EquineSNP50 Genotyping BeadChips (Illumina). DNA was quantified using Quant-iT PicoGreen dsDNA kits (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions and the DNA concentrations were adjusted to 20 ng µl − 1 . Genotyping was performed by laboratories at AROS Applied Biotechnology (Denmark) and GeneSeek (Lincoln, NE, USA). The samples genotyped for the present study were a subset of samples genotyped in three separate batches (Batch 1, n = 96; Batch 2, n = 92; Batch 3, n = 228). We included four pairs of duplicate samples between Batch 1 and Batch 2, two additional pairs of duplicate samples between Batch 2 and Batch 3 and two pairs of duplicate samples within Batch 3 for quality control purposes and observed greater than 99.9% concordance in seven of the eight pairs. A parent-offspring trio was also included to verify the Mendelian transmission of SNPs. We successfully genotyped 53,922 loci. All samples had a genotyping rate > 90%. We omitted SNPs that had a genotyping completion rate of < 90%, were monomorphic or had MAFs < 0.05 in our samples. We omitted 18,109 SNPs leaving 35,813 SNPs in our working build of the data, and the overall genotype completion rate was 99.9%.
Genotypes for 42 Shetland horses were extracted from data generated using EquineSNP50 Genotyping BeadChips (Illumina). DNA was quantified using Nanodrop (Thermo Fisher Scientific Inc., Wilmington, DE, USA) according to the manufacturer's instructions and the DNA concentrations were adjusted to 60 ng µl − 1 . Genotyping was performed by GeneSeek (Lincoln, NE, USA). Six parent-offspring trios were included and used for quality control. Mendelian transmission errors were less than 99.8%. We successfully genotyped 54,602 loci and all samples had a genotyping rate > 93% (average 97.4%).
SNPs spanning a ~2-Mb region (BIEC2-417187-BIEC2-417520; that is, ECA18:65565128 bp-67457777 bp) on ECA18 containing the MSTN gene were extracted from the data. Haploview was used to calculate pairwise measures of linkage disequilibrium (LD) among 47 SNPs (including g.66493737C/T) and was used to create a visual representation of the data 55 (Fig. 1) . Using the default method, the region was divided into blocks of strong LD using a standard block definition based on confidence intervals for strong LD and minor allele frequencies > 0.05. Pedigree reconstruction. Pedigree information for 56 elite-performing C/C and 41 elite-performing T/T Thoroughbreds was analysed using the PedigreeViewer v6.5b software (www-personal.une.edu.au/~bkinghor/pedigree.htm). Pedigree data were edited for identification and sex duplication, and any records with errors were corrected. A single coalescence point was identified for all individuals (Supplementary Fig. S1 ).
